Abstract In this paper, a novel process for organic acids and nutrient recovery from municipal sludge was introduced and evaluated based on laboratory-scale studies. An economical estimation for its practical application was also performed by mass balance in a full-scale plant (Q ¼ 158,000 m 3 d 21 ). This novel process comprises an upflow sludge blanket-type high performance elutriated acid fermenter (5 d of SRT) for organic acids recovery followed by an upflow-type crystallisation (3 h of HRT) reactor using waste lime for nutrient recovery. In the system, the fermenter is characterised by thermophilic (55 8C) and alkaline conditions (pH 9), contributing to higher hydrolysis/acidogenesis (0.18 g VFA COD g 21 VSS COD , 63.3% of VFA COD /COD produced, based on sludge characteristics of the rainy season) and pathogen-free stabilised sludge production. It also provides the optimal condition for the following crystallisation reactor. In the process, the waste lime, which is an industrial waste, can be used for pH control and cation (Ca and Mg) sources for crystallisation reaction. A cost estimation for full-scale application demonstrates that this process has economic benefits (about $67 per m 3 of wastewater except for the energy expense) even in the rainy season.
Introduction
Biological nutrient removal (BNR) has been extensively studied over the past 20 years. An important aspect governing the magnitude of the nutrient (essentially P) removal is the fraction of readily biodegradable COD (RBCOD) in the influent wastewater (Wentzel et al., 1988; Barnard, 1992) . Generally, the influent RBCOD fraction contains only a small fraction of short-chain fatty acids (SCFAs). The nutrient removal is closely linked to the magnitude of the RBCOD and the degree to which this fraction is converted to SCFAs in the anaerobic zone of the bioreactor. Furthermore, there have been some reports that even non-SCFA soluble COD fractions as well as SCFAs could result in the improvement of P-removal in laboratory and full-scale BNR systems (Lilley et al., 1990; Randall, 2003) .
Recently, sludge management and disposal in Korea have been perceived as significant environmental problems because a large amount of sludge disposal has depended greatly on ocean disposal and landfills (MOE, 2002) . Since the year 2004, the Korean government has restricted landfill application for organic waste, which is approximately 56% of total waste sludge from municipal and industrial wastewater treatment plants. In addition, enforcement of the ocean disposal prohibition law is expected from 2005. Owing to the high cost requirement of incineration and the need for resources recovery from sludge, several new technologies from laboratory-scale to full-scale have been developed and applied to various recovery/reuse systems such as sludge fermentation, crystallisation, composting, vermistabilisation and construction material manufacturing processes (Choi et al., 1995; KICT, 1998; Ahn and Choi, 2004) .
Many researchers have studied acid fermentation of the municipal sludge to generate SCFAs, and its practical and economical effects in the BNR system (Lilley et al., 1990; Pitman et al., 1992; Moser-Engeler et al., 1999; Pitman, 1999) . For better sludge fermentation and products elutriation, several methods, such as an activated primary sedimentation tank, single-stage fermentation thickener, complete mixed fermenter (CSTR) and combined complete mixed fermenter and thickener have been proposed. However, these methods have several disadvantages, such as high solids loadings (solids loss) to the next step, poor efficiencies and process control, potential for SCFAs loss and high capital cost. Therefore there is a need to develop a high performance fermentation system to overcome these disadvantages.
In this paper, a novel process for organic acids and nutrient recovery from municipal sludge was introduced based on laboratory-scale experiments, and the economical estimation for its practical application was performed by mass balance in a full-scale municipal wastewater treatment plant. The novel process comprises a high performance elutriated sludge fermenter for organic acids recovery, followed by an upflow-type crystallisation reactor using waste lime for nutrient (nitrogen and phosphorus) recovery. The fermenter adopts an upflow sludge blanket-type configuration, similar to the first-phase reactor of the anaerobic digestion elutriated phased treatment (ADEPT) process . Hydrolysis/acidification occurs in the sludge blanket zone. The thickened refractory solids are wasted from the bottom of the reactor while the raw waste is fed to the top of the sludge blanket. The rate of elutriation is controlled so that it is sufficient to elutriate the acids at the rate they are being formed, without disturbing the sludge blanket zone. This process has a simple feature of sequential batch type operation, high efficiency, shorter HRT (about 5 d) and excellent solids removal.
Materials and methods

Laboratory sludge fermenter
Eight upflow elutriated sludge fermenters with an effective volume of 1 L and solids retention time (SRT) of 5 d were operated under mesophilic (35 8C) and thermophilic (55 8C) conditions, respectively. Also, to investigate pH effects on hydrolysis/acidogenesis of municipal sludge, the operating pH condition was changed from uncontrolled to alkaline (pH 11) condition. Even though acidogenic fermentation is generally applied under pH 5-6, the application of alkaline pH condition has a higher potential for fermentation process treating particulate-type substrate (Kim et al., 2003; . As shown in Figure 1 , the substrate was fed to the top of the sludge blanket in the reactor and the refractory slurry thickened at the bottom of the reactor was wasted daily, allowing a constant sludge blanket level in the reactor. Generally, primary effluent, process effluent or raw sewage can be used for elutriating water in the system. However, the fermenter in this study was elutriated by tap water, which had the designated pH and temperature conditions. The reason for this was to exclude any effect of the elutriating water in sludge fermentation. Sodium hydroxide was used for pH control of the elutriating water. The reactors were elutriated daily at the rate of 0.5 L per day with fresh tap water, meaning that the hydraulic retention time (HRT) of the elutriating water was 2 d. To elutriate fermentation products from the sludge blanket to the upper liquid zone, liquid supernatant was recycled to the bottom of the sludge blanket and its upflow velocity was about 0.28 m h 21 , allowing the sludge blanket to be quiescent.
The characteristics of municipal sludge depend on seasonal variation due to the degree of refractory materials inflow to the sewer system. Field analysis in Korea demonstrated that its characteristics during the rainy season (July to September -150-400 mm of rainfall per month) changed significantly (Ahn and Choi, 2004) . Therefore, the experiments were divided into two categories (dry and rainy seasons). For the dry season, two reactors having an uncontrolled pH condition were operated under both temperatures, resulting in about 6.6^0.1 of pH in the fermenter effluent. During the rainy season, six reactors having controlled pH (7, 9 and 11) conditions were operated under both temperatures. The primary sludge used as the substrate was collected from a municipal wastewater treatment plant in Gyungsan city, which has a combined sewer system. The TS concentration and VS/TS ratio were 38.5 g L 21 and 0.67 for the dry season and 29.2 g L 21 and 0.59 for the rainy season, respectively. At the start of the operation, 0.5 L of the homogenised UASB granules (19 g VS L 21 and 70% VS/TS) was inoculated as seed biomass. The solubilised compounds from the sludge blanket zone were continuously elutriated and the elutriate collected daily for analysis.
Batch-type crystallisation reactor
This experiment was focused on the applicability of waste lime as a cation source in a laboratory-scale (1 L) upflow type crystallisation process, adopting sequential batch-type configuration. Waste lime is a kind of industrial waste, which is mainly produced in chemical manufacturing and cement plants and in the fertiliser industry. It contains abundant cations (approximately 60% as dry basis) such as calcium (Ca) and magnesium (Mg) as well as Al and Fe as minor contents, which can be useful cation sources for the crystallisation process as well as suitable alkali sources for the overall system (Ahn and Choi, 2004) . This test was performed using synthetic and the acidogenic effluent (62 -105 mg NH 4 -N L 21 , 20 -37 mg PO 4 -P L
21
) from the high performance sludge fermenter, which is characterised by thermophilic (55 8C) and alkaline (pH 9) conditions. Magnesium salt (MgCl 2 ) as a control cation source was also used to compare the performances.
Analysis
The analysis according to Standard Methods (1995) was conducted in terms of pH, COD (total, soluble), TKN, NH 4 -N, T-P, PO 4 -P, TS, VS, TSS, VSS and gas production (Wettest gas meter, Sinagawa Model W-NK-0.5A, Japan). The pH in all reactors was monitored daily. Volatile fatty acids (VFA) were measured using a HPLC (Shimadzu Model LC-10AD, Japan) equipped with a UV detector and an organic acid analysis column (Aminex HPX-87H, Bio-Rad, Inc., USA). Samples were prepared by centrifuging (Hanil Instruments) at 4,000 rpm for 15 min and then filtering through 0.45-mm of filter paper (Micron Separations, Inc.). A gas chromatograph (Tremetrics Model 9000, USA) with a TCD detector and silica gel column was utilised to measure gas composition. The temperature for the column was kept at 60 8C, 85 8C for the injector and 75 8C for the detector. The helium carrier gas had a flow rate of 22 mL min 21 . Data integration was accomplished using a Varian 4270 Integrator. Fecal coliform in the waste sludge was analysed by membrane filter (MF) technique. Crystal products from the crystallisation reactor were examined by microscopic analysis (Olympus BX60F5, Japan).
Results and discussion
Organic acids recovery by high performance fermenter
The characteristics of municipal primary sludge (such as organic fraction and concentration, etc.) are an important parameter in the fermentation process. Sludge samples from the plant are collected and analysed at intervals during the experiment. Based on the elemental analysis of the municipal sludge, as shown in Table 1 , the COD/VSS and VSS/TSS of the primary sludge were 1.56 g g 21 and 70^3.7% for the dry season and 1.46 g g 21 and 61^3.2% for the rainy season, respectively. These results imply that the acid productivity of the sludge fermentation significantly depended on the seasonal effects of the sludge characteristics. As shown in Table 2 , the results of the following laboratory-scale experiments demonstrate this forecast. Table 2 represents the comparative performance of the sludge fermentation. The results revealed that the sludge fermentation was significantly affected by the seasonal sludge characteristics. As compared with the results of the dry season, considerably lower VSS degradation (about 50%, as COD) was observed during the rainy season even though the operating pH increased to 9. This might be due to the higher refractory material content in the sludge substrate during the rainy season. In spite of the rainy season, higher alkaline (pH 11) conditions allowed approximately double solubilisation in comparison to that of a pH 7 condition. Methane conversion was observed only under the mesophilic and pH 6.6-7.0 conditions. The results clearly show that the thermophilic and higher pH conditions allow higher solubilisation in the reactor during both the dry and rainy seasons. However, the higher alkaline condition (at pH 11) prevents solubilised products conversion to organic acids. The result of this research demonstrates that the higher fermenter performance was achieved at the optimal condition of pH 9, which was thermophilic, resulting in 0.18 g VFA COD g
21 VSS COD of the VFA production and 63.3% of the VFA COD /COD fraction based on the sludge characteristics of the rainy season. The main organic acids were acetate, propionate and butyrate at every condition, and the acetate content was in the range of 35-72%. The highest acetate content was observed at pH 9 for both temperature conditions, 60.6% for the mesophilic and 72% for the thermophilic, implying that pH 9 would be the optimal condition for acetate fermentation from primary sludge.
As by-products of fermentation, the nitrogen and phosphorus release showed a quite different trend according to the operational conditions. Compared with that of the dry season, nutrient release during the rainy season was considerably lower. These results might be due to relatively lower nutrient contents in the sludge substrate. The thermophilic reactor showed a slightly higher N release but a similar P release compared with the mesophilic reactor. Also, alkaline conditions resulted in lower N release in both temperature conditions whereas the alkaline conditions resulted in higher P release in the reactors, implying potential nitrogen loss by ammonia stripping or chemical precipitation during the fermentation process.
Except for the mesophilic reactors with pH 6.6 and 7 in this experiment, fecal coliform in the waste sludge was below the detection limit whereas its contents in the feed primary sludge were 1.2 -2.0 £ 10 6 CFU per 100 mL. In the mesophilic reactors with pH 6.6 and 7 conditions, 3-4 £ 10 3 CFU per 100 mL of the fecal coliform were observed in both waste sludges. These results demonstrate that the process can produce pathogen-free stabilised biosolids in thermophilic and higher pH conditions.
Nutrient recovery from fermentation effluent Figure 2 represents the results of the batch crystallisation test using waste lime and magnesium salt. Based on the chemical stoichiometry, 0.3-1.2 g L 21 of waste lime was added in the batch system. The optimum dosage of waste lime was 0.3 g L 21 , resulting in 81% of NH 4 -N and 40% of PO 4 -P removal at 3 h of retention time, respectively. A slightly higher nutrient removal (85% N and 50% P) was observed at 10 h of retention time. In the control experiment using magnesium salt (MgCl 2 0.08 g L
21
), lower N removal (27-35%) was observed whereas P removal was a little higher (50 -60%) than that of waste lime. The settled solids production was 6.16 g TS g 21 MgCl 2 added and 0.77 g TS g 21 waste lime added, respectively. Generally, the prism-like crystals are well known as the chemical products in the struvite (MAP) precipitation process whereas the amorphous crystals can be observed in the hydroxyapatite (HAP) precipitation process (Nriagu and Moore, 1983; Doyle and Parsons, 2002) . The microscopic analysis revealed that the type of main precipitation reaction using both cations was clearly different. Thus, as shown in Figure 3 , amorphous crystals were mainly observed at the settled solids with waste lime, but prism-like crystals for magnesium salt, respectively. Moreover, chemically aggregated particles could be grown by long-term operation of the reactor (Velsami-Jones, 2002) as shown in Figure 3 (d), which was produced by artificial synthetic pelletisation as the chemical product. In Korea, a lot of waste lime (over 180,000 ton/yr) is produced mainly by the chemical manufacturers as by-products, and it has become an environmental problem. However, there has been a report that waste lime has no negative effect in its uses for landfill and agriculture (Kang et al., 2000) . The results of this experiment imply, therefore, that reuse of waste lime, already an industrial waste, in the nutrient recovery system would result in higher economical benefits and sustainable treatment/disposal of industrial waste, simultaneously.
Economic estimation for full-scale application
Even though the experiments were performed on a laboratory scale, the economic benefits for full-scale application can be roughly estimated. Based on the results from the rainy season, which represented the worse sludge characteristics, a mass balance of a full-scale municipal wastewater treatment plant (treatment capacity Q ¼ 158,880 m , respectively. The primary sludge production was ). As shown in Table 3 , even through the higher COD production (based on soluble COD) is achievable at pH 11 under thermophilic conditions, a higher VFA production is possible at pH 9 under thermophilic conditions. At pH 9, production of 4,920 kg COD per day is possible from the primary sludge, corresponding with 6.5 kg COD per m 3 of feed sludge. The VFA and non-VFA production to the elutriated effluent would be about 3,110 kg VFA COD d 21 and 1,800 kg COD d
21
, corresponding to 4.1 kg VFA COD per m 3 of feed sludge and 2.4 kg COD per m 3 of feed sludge, respectively. The system performance would result in an increase of organic content in the influent sewage, resulting in an organic increase of 31 mg COD and 20 mg VFA (as COD) per unit litre of sewage. As by-products from the fermentation process, a nutrient increase of 7 mg N and 3 mg P per litre of sewage could also be expected. The best economic benefits due to the organic acids production were estimated to be about $67 per m 3 of wastewater (assumed 1$ ¼ 1,000 Korean Won) except for the expense of the energy requirement. Also, by the series operation with the crystallisation reactor, nutrient loading to mainstream will considerably decrease to 0.03 kg N per m 3 of feed sludge and 0.04 kg P per m 3 of feed sludge, respectively, and the waste by-products (0.7 kg TS kg 21 waste lime) will be produced as fertiliser such as hydroxyapatite (HAP), etc. Based on the optimal condition, the mass balance in the overall system is summarised in Figure 4 . Since this estimation is performed based on the rainy season, better benefits can be expected during the dry season. The proposed novel process would be a sustainable technology for treatment and resources recovery of municipal sludge. Based on this research, a 5 m 3 pilot-scale plant has been constructed recently and operated to demonstrate its applicability.
Conclusions
A novel process which comprises a high performance elutriated sludge fermenter followed by an upflow-type crystallisation reactor was introduced for the sustainable recovery of organic acids and nutrients from municipal sludge, and its economic benefits for full-scale application were also estimated. In the system, the fermenter was characterised by thermophilic (55 8C) and alkaline (pH 9) conditions, supplying the optimal condition for the following crystallisation reactor, simultaneously. The process has various advantages, such as higher organic acids production, pathogen-free stabilised solids production, reuse of waste lime, which is an industrial waste, and by-product fertiliser production, etc. This process has a simple feature of sequential batch-type operation, high efficiency, shorter HRT (approximately 5 days) and excellent solids removal. The economic benefits due to the organic acids production are estimated to be about $67 per m 3 of wastewater (based on the sludge characteristics of the rainy season) except for the expense of the energy requirement and by-product fertiliser production.
